This study investigated the impact of influent carbon to phosphorus (P) ratio on the variation in 14 P-removal performance and associated intracellular polymers dynamics in key functionally 15 relevant microbial populations, namely, PAOs and GAOs, at both individual and populations 16 levels, in laboratory scale sequencing batch reactor-EBPR systems. Significant variations and 17 dynamics were evidenced for the formation, utilization and stoichiometry of intracellular 18 polymers, namely polyphosphate, glycogen and Polyhydroxyalkanoates in PAOs and GAOs in 19 the EBPR systems that were operated with influent C/P ranged from 20 to 50, presumably as 20 results of phylogenetic diversity changes and, or metabolic functions shifts in these two 21 populations at different influent C/P ratios. Single cell Raman micro-spectroscopy enabled 22 quantification of differentiated polymer inclusion levels in PAOs and GAOs and, showed that as 23 the influent rbCOD/P ratio increases, the excessive carbon beyond stoichiometric requirement 24 for PAOs would be diverted into GAOs. Our results also evidenced that when condition becomes 25 more P limiting at higher rbCOD/P ratios, both energy and reducing power generation required 26 2 for acetate uptake and PHB formation might shift from relying on both polyP hydrolysis and 1 glycolysis pathway, to more enhancement and dependence on glycolysis in addition to 2 partial/reverse TCA cycle. These findings provided new insights into the metabolic elasticity of 3 PAOs and GAOs and their population-level parameters for mechanistic EBPR modeling. This 4 study also demonstrated the potential of application of single cell Raman micro-spectroscopy 5 method as a powerful tool for studying phenotypic dynamics in ecological systems such as 6 EBPR.
Introduction

11
The increasingly stringent limits imposed on wastewater effluent phosphorus demand for higher-12 level treatments through more reliable and better optimization of phosphorus removal processes. 13 Although enhanced biological phosphorus removal (EBPR) process is considered a potentially 14 efficient process with economic and environmental advantages compared to traditional chemical 7 glycogen content in sludge. The filtered samples through 0.45 µm filter papers were analyzed for 1 orthophosphate (orthoP; (PO4 3 ) -) and acetate (CH3COO -) using DX-120 ion chromatograph 2 (Dionex Benelux, Belgium). All phosphorus fractions were measured according to the standard 3 method (4500-P) (APHA, 1998) . Glycogen was measured according to the method specified by 4 Erdal (2002). 5 2.3 PAOs/GAOs population analysis 6 Presence of PAOs in the reactor was confirmed with phosphate removal performance evaluation, 7 Neisser and DAPI staining (Jenkins et al., 1993; Streichan et al, 1990) for total PAO observation 8 and, FISH for detecting known candidate PAOs and GAOs. Oligonucleotide probes targeting 9 Accumulibacter PAOs, Actinobacteria PAOs, Competibacter GAOs, Defluvicoccus clusters 2 10 GAOs were used in FISH analysis (Detailed listing of probes is provided in STable 1). The 11 staining, FISH protocol and hybridization conditions used were previously described (He et al., 12 2008; Zilles et al., 2002) . DAPI staining for polyP was carried out at 50 μg/ml of DAPI for 1 13 min, whereas, DAPI staining for total population in hybridized slides (to analyze for relative 14 abundance of phylogenetic sub-groups of PAOs and GAOs over total population) was carried out 15 at 1μg/ml of DAPI for 10 min. Hybridized and DAPI stained cells were observed with an 16 epifluorescent microscope (Zeiss Axioplan 2, Zeiss, Oberkochen, Germany). For the 17 quantification of the relative proportion of the target types of cells, around 20 micrographs were 18 collected with random fields of view from the same slide/sample and average abundance of the 19 target cells was calculated as the relative proportion of fluorescing area having the target label 20 (PAO/GAO) compared to the area of the total population (DAPI) using DAIME (Digital Image 21 Analysis in Microbial Ecology) software version 1.3.1 (http://www.microbial-ecology.net/) 22 (Daims et al., 2006) . The standard error of the mean (SEM) was calculated as the standard 23 8 deviation of the area percentages divided by the square root of the number of images analyzed.
1 For Raman analysis, fractions of target populations (PAOs/GAOs) were determined by averaging 2 the fractions of samples from aerobic phase according to Majed et al (2012) . Samples subjected to Raman analysis were prepared on optically polished CaF2 windows (Laser 5 Optex, Beijing, China) according to Majed et al (2010) . Samples were homogenized rigorously 6 by 26-gauge needle and syringe to obtain a more uniform sample. Raman spectra for at least 40-7 45 single cells were examined for each sample and the sample size was determined with 8 consideration of both the desired accuracy and labor-intensiveness of the Raman analysis.
9
Statistical analysis of the sample size and validation of the analysis accuracy and reliability was 10 demonstrated in our previous publications (Majed et al., 2010; Li et al., 2018) and also provided 11 in supporting information (SFigure 3 and SFigure 4). Raman spectra were acquired using a around 480 cm -1 were used for quantification of PHB and glycogen content, respectively (Majed 20 and Gu, 2010). Total PHV concentration associated with the two populations could not be 21 quantified via Raman due to the overlapping of peak positions between PHV and glycogen 22 (Majed and Gu, 2010) . Depending on the time point during the anaerobic/aerobic EBPR cycle when the sample was taken, and the expected corresponding Raman polymers spectrum based on 1 current understanding of the EBPR mechanisms and polymer functions, cells containing polyP, 2 with or without other polymers (glycogen, PHA) were categorized as PAOs and the cells 3 containing only glycogen or combination of glycogen and PHA, were assigned as GAOs. 
Impact of Influent rbCOD/P on EBPR performance and kinetics
8 Table 1 shows the EBPR activities-related stoichiometry observed in EBPR systems along with 9 the performance and stability of the system at different influent feeding rbCOD/P ratios.
10
Operational data for the SBRs under monitoring (STable 2) indicated that percent removal of P 11 changed from 82% to 95% to 97% as rbCOD/P ratio changes from 50 to 35, then to 20 12 respectively. The results showed good P removal at rbCOD/P ratio of 20 to 35, and significant 13 decrease in P removal efficiency at rbCOD to P ratio of 50. Through comparison of cumulative frequency of the occurrence that effluent orthoP is obtained 2 below <1 mg/L and below <0.5 mg/L, the system with COD/P ratio of 35 ensures the maximum 3 stability while the system with rbCOD/P ratio of 20 performs almost similar. However, system is 4 far from stable for the SBR system with rbCOD/P ratio of 50.
14
5
According to established EBPR models, EBPR metabolic pathways demand certain 6 stoichiometric relationships among the storage polymers. The Prelaease/HAcuptake (P/HAc) ratio is 7 often used as an indicator of the relative PAO and GAO activities and abundance. As shown in 8 Table 3 , the P/HAc ratio was 0.6 Pmol/Cmol for rbCOD/P ratio of 20 which decreases linearly 9 with increasing rbCOD/P ratio. Previous studies indicated that higher influent rbCOD/P led to 10 more GAO-dominant microbial population in the system (Smolders et al., 1994) . This is 11 confirmed and supported by our population analysis results that are discussed in the section 3.2.
12
The anaerobic glycogenutilization/HAcuptake ratios (Gly/HAc ratio) decreased linearly from 0.41 to 13 1.04 Cmol/Cmol from rbCOD/P ratio of 20 to 50 respectively. These ratios are within the range 14 between TCA cycle and glycolysis activity, as reported in full-scale EBPR facilities and also in 15 established models for PAOs and GAOs (Gu et al., 2008; Lanham et al., 2013; Smolders et al., 16 1994; Zeng et al., 2003) . The increase of Gly/HAc indicates a preferential reliance by the 17 population on TCA cycle at a lower rbCOD/P to an increased reliance on the glycolysis pathway 18 at a higher rbCOD/P. Similar scenario has been observed in several EBPR facilities in Denmark 19 (Lanham et al., 2013) . In addition, decrease in the overall P content from 0.09 to 0.024 mg-P/mg-20 VSS (with increasing rbCOD/P) indicate a decrease in the relative population of PAOs with 21 increasing rbCOD/P ratio. there is no other method available for quantifying total GAOs in EBPR systems; therefore, the 7 GAOs abundance determined by Raman could not be compared. Note that the sum of GAOs and 8 PAOs, as quantified by Raman analysis, comprised around 85-90% of total microbial population 9 in the SBR-EBPR studied, indicating that our methods captured majority of the population.
Impact of influent rbCOD/P on relative PAO-GAO population abundance and Association
10
Both Accumulibacter-like PAOs and total PAOs abundance decreased, as the influent 11 rbCOD/P (mg-COD/mg-P) ratio increased from 20 to 50 ( Figure 1a ). Accumulibacter PAOs 12 comprised around 70% of total PAOs population at all rbCOD/P ratios studied. Actinobacteria
13
type PAOs constituted a minor fraction of total PAOs being less than 5% of the total population 14 at rbCOD/P ratios of 20 and 35, however, their abundance increased to 8% at rbCOD/P of 50.
15
Actinobacteria PAOs are known to grow on amino acids instead of acetate and the casamino 16 acids in the feeding likely provided the amino acid source that supported the growth of accounted for majority (>80%) of the total GAOs (based on Raman measurements since there is 21 currently no other method available for quantifying total GAOs) in our culture ( Figure 1b ).
22
Competibacter abundance increased by >40% with the increasing rbCOD/P ratios from 20 to 50, 23 12 but abundance of DF2 did not seem to vary, indicating that Competibacter was likely the one 1 that responded to the change in loading ratio. Muszyński and Miłobędzka (2015) also observed 2 increase in Competibacter abundance from 4 to 20% when the rbCOD/P ratio was changed from 3 15:1 to 100:1 with aerobic granular sludge while abundance of Alphaproteobacterial 4
Defluvicoccus cluster 1 (DF1) remained constant at 2% (they did not detect DF2 type GAOs in 5 the granular sludge). These results clearly showed that both relative abundance and community 6 compositions of PAOs and GAOs shifted as the influent rbCOD/P ratio changed. The changes in relative abundance of PAOs and GAOs in response to influent rbCOD/P 5 variations were consistent with the chemical analysis of P content level in the sludge and the 6 evaluation of EBPR activities, as summarized in Table 1 (profiles demonstrated in SFigure 1).
7
With a higher carbon loading with respect to phosphorus, the P content in sludge, the P release 8 rate and the Prelease/HAcuptake ratios decreased, indicating a decline of relative PAOs activities 9 (presumably proportional to PAO populations) and increase in relative GAOs in the sludge.
10
Correlation analysis of relative PAOs abundance (%) with the EBPR activities parameters 11 seemed to indicate that relative total PAOs abundance change correlated more 12 significantly(p<0.05) with Prelease/HAcuptake ratio (r = 0.99, p = 0.0351) and sludge P content (r = 13 0.99, p = 0.0468), but less so with P release rate (r = 0.99, p = 0.0991), 14 glycogendegradation/HAcuptake ratio (r = -0.99, p = 0.0836), and P uptake rate (r = 0.97, p = 0.155). decreased as the rbCOD/P ratio increased even though the influent P concentration remained the 9 same (SFigure 1). Drastic decrease of cellular level polyP content at increased rbCOD/P ratio is 10 quite contrary to the traditional assumption in EBPR models that considers that the maximum 11 saturated intracellular polyP levels is relatively constant and only PAO populations abundance 12 varies with the external condition (Streichan et al., 1990) . Therefore, PAOs abundance changes 13 based on the bulk sludge P content or overall P release during EBPR process may not be 14 adequate. In contrast to significant polyP abundance changes, the intracellular PHB levels in the 15 PAOs exhibited slight increase (38% for median, 37% for maximum values disregarding the 16 outlier) as the influent rbCOD/P ratio increases from 20 to 50 (Figures 2 and 3) . There was no GAOs exhibited overall increase for maximum levels (50% increase from rbCOD/P of 20 to 50), 17 however median values remained almost similar. This warranted the one-way ANOVA test 18 among the polymeric inclusion data which revealed FPHB (2,96) = 5.5, p<<0.05; Fglycogen (2,171) 19 = 1.72, p>0.05 for GAOs. This suggests the higher carbon loading to the EBRP systems not only 20 resulted in increase of relative abundance of GAOs, but also led to either selection of GAOs with 21 higher intracellular PHB, and/or encouraged GAOs to accumulate more PHA pool inside cells.
22
However, the increment of glycogen pool within GAO cells with increase in rbCOD/P ratio is 1 not statistically significant. 1 Using the Raman-based PAO and GAO identification methods described earlier, 2 differentiated intracellular polymer content associated within PAOs versus those within GAOs 3 could be quantified and evaluated separately (Majed and Gu, 2010) . Figure 5a shows the total 4 and distributed PHB (normalized amount at the end of the anaerobic phase when the PHB 5 content is presumably to be at the maximum level) and glycogen content levels (normalized 6 amount at the end of the aerobic phase when the glycogen content is presumably to be at the 7 maximum level) inside PAOs and GAOs. Figure 5b shows the ratio of PHB and glycogen 8 content in PAOs in relative to those in GAOs at different rbCOD/P loading conditions and figure   9 5c is a qualitative illustration of the distribution and carbon flow among PAOs and GAOs in 10 response to the increase in influent carbon loads.
Distribution of Carbon and polyP between PAOs and GAOs at varying COD/P condition
11
Both total PHB and total glycogen concentration in the overall mixed population (sum of 12 those in both PAOs and GAOs) exhibited elevating trends with the increasing rbCOD/P ratio. increased from 20 to 50, (Figure 5b) . These results clearly demonstrated the quantitative shift in 18 intracellular carbon storage distribution between the two populations, from having a good 19 portion (50%) of the total PHB in PAO populations to having majority of the carbon shuttled to 20 GAOs as the rbCOD/P increased. These results support the hypothesis and carbon distribution 21 model proposed by Gu et al (2008) that as the influent rbCOD/P ratio increases, the excessive 22 carbon beyond stoichiometric requirement for PAOs would be diverted into GAOs. Also shown in Figure 5a is the normalized polyP concentration (total polyP amount 1 determined by Raman normalized to sample size) that exhibited dramatic decrease with increase 2 in rbCOD to P ratio as a result of decrease in individual cellular polyP intensity. These results are 3 consistent with bulk P content (Table 1 ), suggesting again the validity of the Raman analysis for 4 polyP. The quantitative measurement of intracellular polymers associated with PAO and GAO 5 populations allowed for the estimation of changes in the stoichiometry of the utilization and 6 formation of these polymers with different loading conditions. Table 2 summarizes the ratios of 7 PHB formation to polyP utilization, glycogen utilization to polyP utilization and PHB formation 8 to glycogen utilization during the anaerobic phases in PAOs. As described in our previous 9 studies, the lack of standard chemicals for polymers and difficulty with Raman method to assumed to be constant for a given pathway within a given population (Smolders et al., 1994) .
17
However, as shown in Table 2 , each of the ratios varied consistently for PAOs as the loading 18 conditions changed. These results, for the first time, demonstrated that the EBPR stoichiometry 19 could vary significantly with loading conditions, possibly due to the metabolic states changes 20 (e.g utilization of different pathways) and /or population changes within phylogenetic sub-groups 21 (e.g sub clusters of Accumulibacter-like PAOs). times from 0.009 to 0.21 as influent rbCOD/P elevated from 20 to 50 (Table 2) . This is also 1 consistent with the increasing trend of glycogendegradation/HAcuptake ratio with higher rbCOD/P 2 ratio (Table 1) . Furthermore, Figure 6 is a representation of the increase in the fraction of (split) TCA cycle is the most optimal pathway suggesting GAOs are operating reverse TCA 20 cycle.
21
It should be noted that for individual PAO cells in our study, the relative percentage of 22 PHV content to total PHB+PHV never exceeded 8-12% (data not shown), which is consistent 23 with the PHV content range reported previously with PAO-enriched (>70%) system (Oehmen et 1 al., 2007). These results, for the first time, provided direct cellular and population level evidence 2 for the possibility that at higher rbCOD/P loading condition when P becomes more limited, there 3 were shifts in the involvement of different metabolic pathways in PAOs. Now, whether this was 4 caused by phenotype changes or shifts in phylogenetic sub-populations that possess different 5 pathways still requires confirmation via further investigation. Furthermore, it is also possible that 6 some of these PAO cells might follow certain metabolism that does not involve the known and 7 identifiable storage polymers. The lack of PAO isolates and the tools to monitor the quantities related to metabolic states of PAOs showed that the influent rbCOD/P ratio increases, the excessive carbon beyond stoichiometric 14 requirement for PAOs was diverted into GAOs.
15
 Population-specific evaluation of intracellular polymers evidenced that P limiting conditions 16 at higher rbCOD/P ratios led to enhancement and increased reliance on glycolysis in addition 17 to partial/reverse TCA cycle for anaerobic reducing power generation. Gu, A. Z., 2018. PAO metabolic Pathways, Water Environment Federation Report.
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